Prions are self-perpetuating and, in most cases, aggregation-prone protein isoforms that transmit neurodegenerative diseases in mammals and control heritable traits in yeast. Prion conversion requires a very high level of identity of the interacting protein sequences. Decreased transmission of the prion state between divergent proteins is termed ''species barrier'' and was thought to occur because of the inability of divergent prion proteins to coaggregate. Species barrier can be overcome in cross-species infections, e.g., from ''mad cows'' to humans. We studied the counterparts of yeast prion protein Sup35, originated from three different species of the Saccharomyces sensu stricto group and exhibiting the range of prion domain divergence that overlaps with the range of divergence observed among distant mammalian species. All three proteins were capable of forming a prion in Saccharomyces cerevisiae, although prions formed by heterologous proteins were usually less stable than the endogenous S. cerevisiae prion. Heterologous Sup35 proteins coaggregated in the S. cerevisiae cells. However, in vivo cross-species prion conversion was decreased and in vitro polymerization was cross-inhibited in at least some heterologous combinations, thus demonstrating the existence of prion species barrier. Moreover, the barrier between the S. cerevisiae protein and its Saccharomyces paradoxus and Saccharomyces bayanus counterparts was asymmetric both in vivo and in vitro. Our data show that a decreased cross-species prion transmission does not necessarily correlate with a lack of crossspecies coaggregation, suggesting that species-specificity of prion transmission is controlled at the level of conformational transition rather than coaggregation.
A
myloids are highly ordered self-seeded fibrous ␤-rich protein aggregates associated with some diseases in mammals and humans. Amyloid-based prions (infectious proteins) are thought to propagate via nucleated polymerization so that aggregated prion ''seeds'' immobilize a monomeric protein of the same amino acid sequence and convert it into a prion (1) . Mammalian prion proteins cause fatal transmissible encephalopathies such as bovine spongiform encephalopathy (''mad cow disease'') and Creutzfeld-Jacob disease (for review, see refs. 2-4), while yeast prion proteins Sup35, Ure2, and Rnq1 control inheritance of non-Mendelian traits transmitted via cytoplasmic infection (for review, see refs. 5 and 6).
Yeast prion proteins contain prion domains (PrDs) that are terminally located, dispensable for the normal cellular function of a respective protein, and responsible for prion properties (5) . PrDs are more variable in evolution compared with the functional domains of the same proteins (7) . Divergent yeast PrDs (8) (9) (10) (11) (12) and even artificially generated PrDs with the randomly reshuffled amino acid sequences (13, 14) retain the ability to generate and maintain a prion state in Saccharomyces cerevisiae. However, conversion of a prion state from a given preexisting prion to the newly mobilized protein molecules is a strictly sequence-specific process in each case. Cross-species prion transmission in mammals is reduced because of so-called ''species barrier,'' which is overcome in certain cases, e.g., between mad cows and humans (3) . Despite its obvious importance for prediction of the potential cross-species infectivity of heterologous prions, the mechanism of the sequence-specificity in prion conversion is poorly understood. While in vitro and in situ assays for cross-species ''seeding'' of the mammalian prion protein aggregation were developed (15) (16) (17) (18) , some features observed in vitro disagreed with the in vivo data (for comments, see ref. 19) .
In yeast, prion species barrier between highly divergent proteins from distantly related yeast genera Saccharomyces and Pichia or Candida coincided with the inability of heterologous PrDs to coaggregate in vivo and in vitro (9, 10, 20, 21) . Homologs of prion protein Ure2 from the closely related Saccharomyces species exhibited no species barrier, although researchers disagreed on whether Saccharomyces paradoxus Ure2 is capable of forming a prion at all (22) (23) (24) . Therefore, it remained unclear whether prion species barrier exists in yeast at the levels of sequence divergence that are comparable to those observed in mammals.
We have developed a new experimental system for studying prion species barrier that employs the closely related Sup35 proteins from the Saccharomyces sensu stricto group (25) . Levels of sequence divergence among these proteins overlap the range of divergence detected among the prion proteins of the distantly related mammalian species. By using this system we have demonstrated that closely related yeast proteins capable of coaggregation still exhibit a species barrier.
Results and Discussion
Conservation and Divergence of the S. sensu stricto Sup35 Proteins.
Sup35 is a translation termination factor composed of the following regions: (i) N-proximal PrD (Sup35N), required for [PSI ϩ ], the prion form of Sup35, and containing the N-terminal QN-rich stretch (QN) and the region of oligopeptide repeats (ORs) (5); (ii) middle region (Sup35M) of unknown function; and (iii) C-proximal region (Sup35C), required and sufficient for termination of translation (26, 27) . In agreement with previous reports demonstrating the higher rate of Sup35NM evolution in comparison to Sup35C (7), the amino acid sequences of the N, M, and C regions [ Fig. 1A and supporting information (SI) Fig.  5 ] show, respectively, 94%, 87%, and 100% of identity between S. cerevisiae and S. paradoxus (28) and, respectively, 77%, 72%, and 97% of identity between S. cerevisiae and Saccharomyces bayanus (29, 30) . S. bayanus OR region is shortened by one repeat.
Heterologous S. sensu stricto Sup35 Proteins Are Capable of Forming a Prion in S. cerevisiae. The SUP35 ORFs of S. paradoxus (SUP35 SP ) and S. bayanus (SUP35 SB ), placed onto a low-copy (centromeric, or CEN) shuttle plasmid under the endogenous S. cerevisiae SUP35 promoter (P SUP35 ), produced the respective Sup35 proteins at the same level as did the analogous S. cerevisiae SUP35 (SUP35 SC ) construct (data not shown) and conferred viability to the S. cerevisiae strain lacking the endogenous chromosomal SUP35 SC gene.
To check whether S. sensu stricto Sup35 proteins can be turned into a prion state in the S. cerevisiae cell environment, we used the UGA reporter allele ade1-14 (31 31) . Prion induction by overproduction was also detected in all possible heterologous combinations of the ''inducer'' and ''inducee'' S. sensu stricto Sup35 proteins (data not shown). This observation is not surprising because even the highly divergent Sup35NM region of Pichia methanolica is capable of inducing Sup35 SC into a prion when overproduced (8, 9) .
Suppression Efficiency and Mitotic Stability of Heterologous Prion
Isolates in S. cerevisiae. In S. cerevisiae, multiple variants or ''strains'' of the endogenous [PSI ϩ ] prion have been found (32) . ''Strong'' [PSI ϩ ] variants are white on YPD medium and grow fast (in 2-3 days) on ϪAde, whereas ''weak'' variants are medium pink on YPD and grow slowly (in 4-7 days) on ϪAde. Strong variants are usually 100% stable in mitotic divisions, whereas weak variants produce some [psi Ϫ ] colonies in nonselective conditions. Like Sup35 SC , Sup35 SP generated both strong and weak prion variants in S. cerevisiae as judged by growth (Fig. 1D ) and color, but weak isolates were more abundant, and both strong and weak prion variants of Sup35 SP accumulated 10-25% of [psi Ϫ ] colonies after 24-25 cell divisions in nonselective conditions (SI Table 2 ). Prion variants of Sup35 SB were always characterized by weak suppression (Fig. 1D ) and low stability (SI Table 2 ).
To identify the region of Sup35 responsible for low prion stability, we constructed chimeric genes in which the SUP35N region of SUP35 SC was substituted with either SUP35N SP or SUP35N SB . Chimeric protein with Sup35N SB continued to produce mitotically unstable prions, whereas chimeric protein with Sup35N SP produced prions of various mitotic stabilities, and some of these prion isolates were stable (SI Table 3 ). Therefore, decreased mitotic stability of heterologous prions is primarily determined by the differences in Sup35N region for Sup35 SB 2B ). Coaggregation of the heterologous Sup35 proteins was also confirmed by fluorescence microscopy. We used the Sup35NM fragments tagged with GFP or red fluorescent protein (RFP). These tagged proteins usually show diffuse fluorescence in the Empty plasmids pmCUP-GFP (B) or pRS316GAL (C) were used as controls. Prion formation was detected by growth on ϪAde medium after induction on P CUP1-SUP35SP or PCUP1-SUP35NMSP-GFP constructs on the medium with 100 M CuSO4 (B) or PGAL-SUP35SB construct on Gal medium (C). (D) Sup35 SP generates both strong and weak prion variants, whereas Sup35SB generates only weak prion variants in S. cerevisiae, as judged from the efficiency of ade1-14 suppression reflected by growth on ϪAde. Note that both strong and weak variants of the Sup35 SP prion show low mitotic stability (see SI Table 2 ). Plates were photographed after 5 (B), 8 (C), and 7 (D) days of incubation.
nonprion cells (as confirmed by us for the constructs based on Sup35NM SP or Sup35NM SB ) but generate cytologically detectable clumps in yeast cells bearing Sup35 in a prion state (for review, see ref. 31 ). The constructs producing GFP-tagged Sup35NM SC , Sup35NM SP , or Sup35NM SB were introduced into the strain containing endogenous Sup35 SC in a prion form and bearing the plasmid that produces Sup35 SC -RFP. Green and red clumps colocalized with each other in all or most cells where both types of clumps were detected (Fig. 2 C-E) . In contrast, highly divergent Sup35NM of P. methanolica, tagged with GFP, never colocalized with Sup35 SC -RFP (Fig. 2F ).
Species Barrier in Prion Transmission Between the Divergent Sup35
Proteins Is Detected Despite Coaggregation. When an extra copy of the homologous SUP35 gene was introduced into the strain containing the respective protein in a prion form, it did not affect suppression of ade1-14. In contrast, introduction of a plasmid with heterologous SUP35 gene usually decreased or eliminated suppression, as detected by inhibition of growth on ϪAde medium in the presence of such a plasmid (Fig. 3A) . Suppression was restored on the medium not selective for the heterologous plasmid (data not shown), indicating that endogenous Sup35 SC prion was not lost. Thus, heterologous Sup35 protein remained functional despite its aggregation (see above and Fig. 2 ).
To check whether the prion state can be transmitted between the heterologous Sup35 proteins, plasmid shuffle was performed. For this purpose, the [ SP or SUP35 SB plasmid (data not shown). In the rare exceptional cases when cross-species conversion from Sup35 SC to Sup35 SP or Sup35 SB occurred, it generated weak [PSI ϩ ] strains with low mitotic stability (data not shown) similar to the majority class prions generated by these proteins as a result of selfinduction (see above), even if the strong Sup35 SC prion variant was used as the initial prion source.
Moreover, the [PSI ϩ ] state was not transmitted by shuffle from SUP35 SC to the chimeric constructs containing the SUP35N regions of S. paradoxus or S. bayanus and the SUP35MC region of S. cerevisiae (Fig. 3B) (Table 1) . Interestingly, the prion state was transferred with high frequency from Sup35 SP to Sup35 SC , and with only moderately decreased frequency from Sup35 SB to Sup35 SC , indicating that prion species barrier is not completely symmetric. Cross-species prion conversion detected in these combinations by cytoduction was certainly higher than one detected by mating and shuffle assay (see above). This could be due to different genotype of the cytoduction recipient strains or, more likely, different experimental design. In cytoduction assay, the number of cell divisions in nonselective conditions both before and after cytoplasm transfer was minimized, thus effectively eliminating the possibility of the spontaneous loss of prion state. Therefore, we believe that cytoduction provides a more accurate assessment of the efficiency of cross-species conversion. Observed asymmetry of prion species barrier in yeast resembles the situation described in some mammalian systems (15) .
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Cross-Seeding and Cross-Inhibition of Each Other's Polymerization by the Divergent Sup35 Proteins in Vitro.
In vitro polymerization of a purified Sup35NM fragment has been routinely used to study prion properties of Sup35 (36) (37) (38) . Our data (Fig. 4) show that Sup35NM SP and Sup35NM SB are spontaneously polymerized in vitro in the nondenaturing conditions even more rapidly than Sup35NM SC . For each of these three proteins, lag period of polymerization reaction was decreased by addition of the preformed homologous Sup35NM polymers (seeds) at a 1:20 ratio. Likewise, polymerization of Sup35NM SC was accelerated by the heterologous preformed polymers of Sup35NM SP or Sup35NM SB (Fig. 4A) , confirming that divergent Sup35NM domains of S. sensu stricto interact with each other in vitro as well as in vivo. Polymerization of Sup35NM SP was accelerated by the preformed Sup35NM SB seed but delayed by the preformed Sup35NM SC seed (Fig. 4B) , whereas polymerization of Sup35NM SB was delayed by the preformed heterologous polymers of Sup35NM SC or Sup35NM SP (Fig. 4C) . Thus, species barrier between the S. sensu stricto proteins is detected in vitro, although not in all reciprocal combinations. Moreover, in vitro assay confirms the asymmetry of the species barrier between Sup35 SC and other S. sensu stricto Sup35 protein, detected by cytoduction.
Potential Mechanism of Prion Species Barrier at Low Levels of Se-
quence Divergence. Although mammalian prion proteins with 90% or higher amino acid identity exhibit species barrier (3), previous reports of yeast prion species barrier dealt with highly divergent PrDs retaining only 30-40% of identity (7) . By detecting prion species barrier in yeast at the levels of identity up to 94%, we demonstrate that yeast prion conversion also requires nearly a precise correspondence of amino acid sequences.
Although inefficient cross-species conversion between proteins with highly divergent PrDs was apparently due to their inability to coaggregate both in vivo and in vitro (9, 10, 20, 21) , yeast proteins with closely related PrDs exhibit species barrier (Fig. 3) even in combinations for which efficient in vivo coaggregation was observed (Fig. 2) . In vitro, purified S. sensu stricto PrD-containing fragments either cross-seed or inhibit each other's polymerization, depending on the combination (Fig. 4) . Either effect is hard to explain by a mechanism that would not involve direct interactions between heterologous proteins. Taken together, our data clearly demonstrate that mechanical association of the heterologous proteins is not sufficient for efficient transmission of a prion state. This also agrees with the previous observation that heterologous mammalian prion proteins can bind each other without efficient conversion to the proteinase-resistant state and that heterologous binding may inhibit homologous conversion (16) . Therefore, in both yeast and mammalian systems, prion species barrier between closely related proteins appears to be controlled at levels other than simple coaggregation.
Because heterologous coaggregation fails to efficiently pro- The donor ͓PSI ϩ ͔ sup35⌬ strains with a SUP35 gene of S. cerevisiae, S. paradoxus, or S. bayanus were grown on ϪAde medium to minimize the spontaneous loss of ͓PSI ϩ ͔ and mated on YPD medium individually to each representative of the set of cytoduction recipient ͓psi Ϫ ͔ sup35⌬ strains bearing a SUP35 plasmid with a different marker. After mating, cells were plated onto the medium with ethanol, glycerol, and cycloheximide, selective for cytoductants. Resulting colonies were analyzed for the presence of ͓PSI ϩ ͔ by growth on ϪAde medium. Numbers of ͓PSI ϩ ͔ and ͓psi Ϫ ͔ cytoductants are given. Exceptional Ura ϩ cytoductants in which the SUP35 plasmid was transferred from the donor were excluded from analysis. For the ͓PSI ϩ ͔ SUP35SC donor, the same results were obtained with the other (weak) prion variant, as well as in the version of the experiment where the donor strain was grown under nonselective conditions (data not shown). The control ͓psi Ϫ ͔ donor strains did not produce Ade ϩ cytoductants (data not shown).
duce a heritable prion state, it appears that sequence divergence impairs conformational transition. Difference by only a few (Sup35NM SC and Sup35NM SP PrDs) or even by one (some mammalian prion proteins, e.g., ref. 18) amino acid residue is sufficient for prion species barrier in some assays, suggesting that interactions between certain specific amino acid residues play a crucial role in achieving the maximal efficiency of the conformational transition. Further investigation of the prion species barrier between the closely related PrDs may help to identify these positions.
Most heterologous prions generated by the S. paradoxus and S. bayanus proteins in the S. cerevisiae cell environment were weak and exhibited a high frequency of mitotic loss (Fig. 1D and SI Table 2 ). Propagation of yeast prions is thought to occur via generation of new polymerization seeds in result of chaperonemediated fragmentation of amyloid polymers (5), whereas mitotically unstable prions apparently are defective in their ability to be fragmented by the chaperones (39) (40) (41) . It is an intriguing possibility that polymers generated by heterologous PrDs are not capable of efficient fragmentation in the S. cerevisiae cell environment because they are not adjusted to the levels or activities of the S. cerevisiae chaperones. Indeed, Sup35 SB PrD has a shortened OR region ( Fig. 1 A and SI Fig. 5 ), previously implicated in control of prion fragmentation and propagation (42) . Moreover, combination of S. paradoxus Sup35N region with S. cerevisiae Sup35MC increases prion mitotic stability (SI Table 3 ), in agreement with the observation that Sup35M influences interactions with the disaggregating chaperone Hsp104 (43) . Interestingly, prions generated by a chimeric Sup35 protein with Pichia PrD also exhibited low mitotic stability (8, 9) and decreased sensitivity to Hsp104 (9) . Defective prion propagation in a heterologous cell environment may represent an additional mechanism contributing to prion species barrier, but cannot explain it completely because restoration of prion mitotic stability in chimeric S. paradoxus-S. cerevisiae constructs did not eliminate the barrier (Fig. 3B) .
Cross-inhibition of the in vitro Sup35 polymerization in some combinations by a small proportion (Ϸ5%) of the preformed heterologous seed suggests that the spontaneously arisen fraction of polymerization-proficient Sup35NM is initially very small. Remarkably, asymmetric patterns of in vitro crossinhibition generally resemble asymmetry of the species barrier observed in the cytoduction assay in vivo (Table 1) because Sup35NM SC inhibits polymerization of Sup35NM SP or Sup35NM SB , but not vice versa (Fig. 4) . The only exception was the S. paradoxus-S. bayanus combination exhibiting a strong species barrier in both directions in vivo (Table 1) but only in one direction in vitro (Fig. 4) . This may reflect the difference in protein ratios between the in vivo and in vitro systems and/or involvement of cell components other than Sup35 in the in vivo species barrier.
Overall, our data establish a yeast model for studying the mechanism of prion species barrier at low levels of sequence divergence and pave the way for understanding the molecular processes responsible for this phenomenon. Plasmids. Plasmids used in this work are described in SI Table 5 . All PCR-generated fragments were verified by sequencing. Sequences of primers used for PCR are provided in SI Table 6 .
Materials and Methods
Genetic and Microbiological Techniques. Standard media, cultivation conditions, and yeast genetic techniques were used (44) . Gal and GalϩRaf media contained, respectively, 2% galactose or 2% galactose and 2% raffinose instead of glucose. Assays for [PSI ϩ ] were described previously (31) . Plasmid shuffle and cytoduction were performed as described previously (39, 40) , with modifications specified in the Fig. 3 and Table 1 legends. DNA sequencing was performed at the Nevada Genomics Center and Georgia Institute of Technology School of Biology Genomics Facility. Fluorescence microscopy was performed and images of the live yeast cells analyzed by using the LSM510 laser confocal microscope (Carl Zeiss, Inc., Jena, Germany) as described previously (45) .
Protein Analysis. The Sup35NM antibodies were described previously (46) . The Sup35C antibodies were a gift of D. Bedwell (University of Alabama at Birmingham, Birmingham, AL). Protein isolation from yeast and centrifugation analysis were in accordance with the previously published protocol (31) using the centrifuge TL-100 (Beckman Counter, Fullerton, CA).
In Vitro Protein Polymerization and Cross-Seeding. Sup35NM fragments with His tag at the C terminus were expressed in Escherichia coli, isolated as described previously (47) , with the only difference that Ni-NTA resin (Novagen, La Jolla, CA) was used, concentrated to 500 M by the microcon filter devices (Millipore, Billerica, MA), and stored in 20 mM Tris⅐HCl (pH 8.0) with 6 M guanidine hydrochloride and 300 mM NaCl. For polymerization experiments (31), protein extracts were diluted 100-fold to 5 M in 1 ml of 150 mM NaCl with 5 mM potassium phosphate (pH 7.4) and one tablet per 20 ml of Roche (Mannheim, Germany). Complete (proteinase inhibitor mixture) and incubated at room temperature with shaking at 12 rpm on Fisher Scientific (Pittsburgh, PA) chemistry mixer, model 346. Aliquots were taken after a specified period and mixed with SDS to the final concentration of 2%. Half of each aliquot was boiled for 10 min to disaggregate polymers. Both boiled and nonboiled samples were run on SDS/PAGE and stained with Coomassie brilliant blue R-250. Polymerization was detected by a decrease in the proportion of protein entering the gel in the nonboiled sample versus the boiled sample. Polymers not capable of entering the gel without boiling were usually seen at the start of the gel in the nonboiled samples (data not shown).
